Among terrestrial organisms, arthropods are especially susceptible to dehydration, given their small body size and high surface area to volume ratio. This challenge is particularly acute for polar arthropods that face near-constant desiccating conditions, as water is frozen and thus unavailable for much of the year. The molecular mechanisms that govern extreme dehydration tolerance in insects remain largely undefined. In this study, we used RNA sequencing to quantify transcriptional mechanisms of extreme dehydration tolerance in the Antarctic midge, Belgica antarctica, the world's southernmost insect and only insect endemic to Antarctica. Larvae of B. antarctica are remarkably tolerant of dehydration, surviving losses up to 70% of their body water. Gene expression changes in response to dehydration indicated up-regulation of cellular recycling pathways including the ubiquitin-mediated proteasome and autophagy, with concurrent down-regulation of genes involved in general metabolism and ATP production. Metabolomics results revealed shifts in metabolite pools that correlated closely with changes in gene expression, indicating that coordinated changes in gene expression and metabolism are a critical component of the dehydration response. Finally, using comparative genomics, we compared our gene expression results with a transcriptomic dataset for the Arctic collembolan, Megaphorura arctica. Although B. antarctica and M. arctica are adapted to similar environments, our analysis indicated very little overlap in expression profiles between these two arthropods. Whereas several orthologous genes showed similar expression patterns, transcriptional changes were largely species specific, indicating these polar arthropods have developed distinct transcriptional mechanisms to cope with similar desiccating conditions. physiological ecology | environmental stress F or organisms living in arid environments, mechanisms to maintain water balance and cope with dehydration stress are an essential physiological adaptation. Insects, in particular, are at high risk of dehydration because of their small body size and consequent high surface area to volume ratio (1). Physiological mechanisms for maintaining water balance in insects include adaptations to reduce cuticular water permeability (2) and mechanisms to reduce respiratory water loss (3). When water balance cannot be maintained, insects evoke a suite of molecular mechanisms to cope with cellular osmotic stress. For example, during periods of dehydration, heat shock proteins are up-regulated to minimize protein damage (4), whereas aquaporins mediate water movement between cellular compartments (5). However, we have a limited knowledge of the large-scale molecular changes prompted by water loss.
Among terrestrial organisms, arthropods are especially susceptible to dehydration, given their small body size and high surface area to volume ratio. This challenge is particularly acute for polar arthropods that face near-constant desiccating conditions, as water is frozen and thus unavailable for much of the year. The molecular mechanisms that govern extreme dehydration tolerance in insects remain largely undefined. In this study, we used RNA sequencing to quantify transcriptional mechanisms of extreme dehydration tolerance in the Antarctic midge, Belgica antarctica, the world's southernmost insect and only insect endemic to Antarctica. Larvae of B. antarctica are remarkably tolerant of dehydration, surviving losses up to 70% of their body water. Gene expression changes in response to dehydration indicated up-regulation of cellular recycling pathways including the ubiquitin-mediated proteasome and autophagy, with concurrent down-regulation of genes involved in general metabolism and ATP production. Metabolomics results revealed shifts in metabolite pools that correlated closely with changes in gene expression, indicating that coordinated changes in gene expression and metabolism are a critical component of the dehydration response. Finally, using comparative genomics, we compared our gene expression results with a transcriptomic dataset for the Arctic collembolan, Megaphorura arctica. Although B. antarctica and M. arctica are adapted to similar environments, our analysis indicated very little overlap in expression profiles between these two arthropods. Whereas several orthologous genes showed similar expression patterns, transcriptional changes were largely species specific, indicating these polar arthropods have developed distinct transcriptional mechanisms to cope with similar desiccating conditions. physiological ecology | environmental stress F or organisms living in arid environments, mechanisms to maintain water balance and cope with dehydration stress are an essential physiological adaptation. Insects, in particular, are at high risk of dehydration because of their small body size and consequent high surface area to volume ratio (1) . Physiological mechanisms for maintaining water balance in insects include adaptations to reduce cuticular water permeability (2) and mechanisms to reduce respiratory water loss (3) . When water balance cannot be maintained, insects evoke a suite of molecular mechanisms to cope with cellular osmotic stress. For example, during periods of dehydration, heat shock proteins are up-regulated to minimize protein damage (4) , whereas aquaporins mediate water movement between cellular compartments (5) . However, we have a limited knowledge of the large-scale molecular changes prompted by water loss.
Among terrestrial biomes, polar environments are particularly challenging from a water balance perspective, as water is frozen and therefore unavailable for much of the year (6) . Polar arthropods are typically extremely tolerant of desiccation, with some being able to survive near-anhydrobiotic conditions (7) . One such dehydration-tolerant polar arthropod is the Antarctic midge, Belgica antarctica, Antarctica's only endemic insect and the southernmost free-living insect. Larvae of B. antarctica are one of the most dehydration-tolerant insects known, surviving a 70% loss of water under ecologically relevant conditions (8) . In this species, the ability to tolerate dehydration is an important adaptation for successful overwintering. The loss of water enhances acute freezing tolerance (8) . In addition, overwintering midge larvae are capable of undergoing another distinct form of dehydration, known as cryoprotective dehydration (9) . During cryoprotective dehydration, a gradual decrease in temperature in the presence of environmental ice creates a vapor pressure gradient that draws water out of the body, thereby depressing the body fluid melting point and allowing larvae to remain unfrozen at subzero temperatures (10) .
In this study, we used next-generation RNA sequencing (RNA-seq) to quantify genome-wide mRNA changes in response to both dehydration at a constant temperature and cryoprotective dehydration. Although our recent work on B. antarctica has revealed several key molecular mechanisms of dehydration tolerance, including expression of heat shock proteins (11), aquaporins (12, 13) , and metabolic genes (14), we lack a comprehensive understanding of the genes and pathways involved in extreme dehydration tolerance. To date, only three studies have examined large-scale transcriptional changes in response to dehydration in insects, all of which were conducted on tropical species. Cornette et al. (15) identified genes associated with anhydrobiosis in the African sleeping midge, Polypedilum vanderplanki, using a semiquantitative EST approach, whereas Wang et al. (16) and Matzkin et al. (17) used microarrays to examine genome-wide transcriptional changes following dehydration in Anopheles gambiae and Drosophila mojavensis, respectively. In addition to the insect studies, transcriptional responses to desiccation have been reported for an Arctic arthropod closely related to insects, the springtail (Collembola) Megaphorura arctica (18), as well as a widely distributed collembolan, Folsomia candida (19). Here, in response to dehydration, we report up-regulation of recycling pathways such as the proteasome and autophagy with a concurrent shutdown of central metabolism. Complementary metabolomics experiments supported a number of our transcriptome observations, indicating a strong correlation between gene expression and metabolic end products during dehydration. Using comparative genomics, we also compared the molecular response to dehydration in the Antarctic species B. antarctica with that of the Arctic arthropod M. arctica (18).
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Results and Discussion
The Antarctic midge, B. antarctica, is one of the most dehydrationtolerant insects that has been characterized. In this study, we used RNA-seq to measure gene expression levels in response to the following treatments that hereafter we refer to as control, desiccation, and cryoprotective dehydration: control, held at 4°C and 100% relative humidity, fully hydrated; desiccation, constant temperature of 4°C and 93% relative humidity for 5 d, resulting in ∼40% water loss; cryoprotective dehydration, gradually chilled over 5 d from −0.6 to −3°C at vapor pressure equilibrium with surrounding ice and then held at −3°C for 10 d (9) (also yielded ∼40% water loss).
Both dehydration treatments resulted in substantial changes in gene expression. Of the ∼11,500 gene models that had enough reads to support estimation of differential expression, 3,275 and 2,365 were differentially expressed during desiccation and cryoprotective dehydration, respectively ( Fig. 1A ; Datasets S1 and S2). Hierarchical clustering analysis indicated that the desiccation and cryoprotective dehydration treatments yielded distinct transcriptional signatures (Fig. 1B) . However, a majority of the differentially expressed genes were shared between the two treatments (Fig. 1C) , and downstream analyses revealed that many enriched pathways were identical. Thus, for clarity, we will primarily discuss the results of the desiccation treatment, whereas specific results from the cryoprotective dehydration treatment can be found in the Tables S1 and S2 . Additionally, a direct comparison of the desiccation and cryoprotective dehydration treatments, highlighting the expression differences between these two conditions, is provided in Dataset S3 and Table S3 . However, it is worth mentioning that time differences between the two dehydration treatments (5 d for desiccation and 15 d for cryoprotective dehydration) may also contribute to differences between these treatments. To validate our expression results, we used qPCR to measure expression of 13 genes in the same RNA samples used for RNA-seq. Overall, there was excellent agreement between the RNA-seq results and qPCR results (Fig. S1 ).
Functional Categories of Differentially Expressed Genes. To place these large-scale changes in gene expression into a meaningful context, we identified enriched functional categories using gene ontology (GO) enrichment analysis (Table 1 ) and enriched Kyoto encyclopedia of genes and genomes (KEGG) pathways using gene set analysis (GSA; Table 2 ). To distinguish between functional categories of genes that are turned on and off in response to desiccation, we separated the GO enrichment analysis into lists of up-and down-regulated genes.
Functional Categories Up-Regulated During Desiccation. In response to desiccation, we observed enrichment of several functional terms, notably terms related to stress response, ubiquitin-dependent proteasome, actin organization, and signal transduction, specifically several GTPase enzymes that are involved in membrane trafficking ( Table 2 ). The GO term "response to heat" was enriched in the up-regulated genes, and this category primarily encompasses the heat shock proteins (hsps), cellular chaperones that repair misfolded proteins in response to various environmental stressors (20), including heat, cold (21), oxidative damage (22), and dehydration (4, 11) . Our group has demonstrated the importance of hsps in B. antarctica stress tolerance (11, 23) , but previous studies were limited to a few hsp genes obtained by targeted approaches. Here, we report up-regulation of numerous putative hsps, including members of the small heat shock protein (three members), hsp40 (two members), hsp70 (eight members), and hsp90 (one member) families (Dataset S1). We also observed ∼1.8-fold up-regulation of hsf, the transcription factor that regulates hsp expression (24). In addition to chaperone activity, hsps target damaged proteins to the proteasome to prevent accumulation of dysfunctional proteins and to recycle peptides and amino acids (25). Indeed, we detected enrichment of GO terms related to ubiquitin-dependent proteolysis (Table 1) in the desiccation up-regulated genes. Our results indicate coordinated up-regulation of hsps and proteasomal genes, which cooperatively function to repair and degrade damaged proteins during dehydration.
In our GSA, we observed positive enrichment of the KEGG pathway "Regulation of autophagy" during desiccation (Table 2) . Autophagy is a catabolic process in which parts of the cytoplasm and organelles are sequestered into vesicles and digested in lysosomes (26), thereby conserving cellular macromolecules and energy during periods of stress and nutrient deprivation. Although autophagy can be an alternative means of programmed cell death, during times of stress, autophagy can reduce the amount of cell death by recycling cellular components and inhibiting apoptotic cell death (26). We hypothesize that during dehydration, the level of autophagy increases, which conserves energy and promotes survival during prolonged periods of cellular stress.
We identified 92 homologs of genes with known function in autophagy and programmed cell death that were differentially expressed during desiccation and/or cryoprotective dehydration (Dataset S4). Several lines of evidence support the hypothesis that dehydration promotes autophagy while concurrently inhibiting apoptosis ( Fig. 2A) . This evidence includes the following. (i) An 11-fold up-regulation of sestrin during desiccation. Sestrins are highly conserved genes that have an antioxidant function and promote longevity by inhibiting apoptosis and increasing autophagy via inhibition of TOR signaling (27). (ii) Significant up-regulation of six authophagy-related signaling genes (atg1, atg6, atg8, atg9, atg13, and atg18) that carry out the essential cellular functions of auophagy (28). (iii) Up-regulation of four transcription factors, eip74EF, eip75EF, cabut, and maf-S, that are positive regulators of autophagy in D. melanogaster (29). (iv) A threefold up-regulation of thread, a potent inhibitor of apoptotic cell death that prevents activity of proapoptotic caspases (30). (v) Up-regulation of proteasomal genes, suggesting cross-talk and cooperation between these distinct cellular recycling pathways (31). We suspect that the autophagy pathway serves an important protective function by limiting cell death and turnover of macromolecules during dehydration, especially during the long Antarctic winter. showing degree of similarity between the D and CD groups. In A and B, the criteria for differentially expressed genes was false discovery rate (FDR) < 0.05. In C, the length of each branch indicates the relative distance between two nodes. C, control; D, desiccation; CD, cryoprotective dehydration.
energy during prolonged dehydration. Consistent with this idea, we observed down-regulation of genes related to general metabolism and ATP production ( Table 1 ; Fig. 2B ). Larvae of B. antarctica significantly depress oxygen consumption rates in response to dehydration (32). Metabolic depression is a common adaptation in dehydration-tolerant insects, presumably to minimize respiratory water loss and to minimize the loss of water bound to glycogen and other carbohydrates (33). This dehydration-mediated metabolic shutdown is strongly supported by gene expression data, as nearly 25% of all metabolic genes in our dataset were down-regulated in response to desiccation (Table  1) . We noted a general shutdown of carbohydrate catabolism and ATP generation; nearly every gene involved in glycolysis, the tricarboxylic acid (TCA) cycle, and ATP synthesis is down-regulated ( Fig. 2B ). Furthermore, among our down-regulated genes, we observed enrichment of genes related to protein, lipid, and chitin metabolism, as well as energetically expensive processes such as membrane transport, including proton, cation, carbohydrate, and amino acid transport. A decrease in metabolic activity was further supported by our GSA results; nearly every negatively enriched KEGG pathway (i.e., pathways in which genes tended to be down-regulated) was related to metabolism, including several pathways related to carbohydrate and amino acid metabolism (Table 2) . Thus, taken together, both GO enrichment analysis and GSA analysis of KEGG pathways revealed a coordinated shutdown of metabolic activity at the transcript level. We hypothesize that these mechanisms may be particularly important for overwintering larvae, contributing to energy conservation during the long Antarctic winter.
Dehydration-Induced Changes in the Metabolome. To determine whether the above changes in metabolic gene expression correlated with changes in metabolic endpoints, we conducted a followup metabolomics experiment with the same treatment conditions. Using targeted GC-MS metabolomics, we measured levels of 36 compounds in response to desiccation and cryoprotective dehydration. As with gene expression, desiccation and cryoprotective dehydration had a major impact on the metabolome, as the concentrations of 32 of the 36 compounds significantly changed in at least one treatment (Fig. S2 ). Although the metabolic changes induced by desiccation and cryoprotective dehydration were largely similar, our treatment groups were distinct from one another, as determined by hierarchical clustering (Fig. S3 ).
We observed several distinct metabolic responses to desiccation, and these were generally supported by gene expression data. We noted the following. (i) Decreased levels of the glycolytic intermediates glucose-6-phosphate and fructose-6-phosphate, which reflected down-regulation of glycolysis genes (Fig.  2B ). Hexokinase and glucose-6-phosphate isomerase, the enzymes that synthesize glucose-6-phosphate and fructose-6-phosphate, were both significantly down-regulated (>1.5-fold). Additionally, we observed decreased levels of lactate, the endpoint of anaerobic respiration through glycolysis. (ii) Accumulation of citrate, which is evidence of decreased flux through the TCA cycle, was supported by down-regulation of a number of TCA cycle genes (Fig. 2B ). An alternative explanation for accumulation of citrate would be increased oxidation of fatty acids, but this hypothesis is not supported by the gene expression data, as a majority of fatty acid metabolism genes were down-regulated (Tables 1 and 2 ). (iii) Increase in proline levels from 7.8 to 21.1 nmol/mg dry mass in response to desiccation, which was supported by 1.5-fold up-regulation of pyrroline-5-carboxylate reductase, the terminal enzyme of proline synthesis. Additionally, we observed 1.3-fold up-regulation of glutamate synthase and concurrent accumulation of glutamate, a precursor of proline, from 12.6 to 29.9 nmol/mg dry mass (Fig. S2) . Although proline is a potent cryoprotectant in insects (34) and confers desiccation tolerance in plants (35), proline has not been linked to dehydration in insects. (iv) Accumulation of several osmoprotective polyols, of which the quantities of sorbitol (increase from 0.5 to 4.3 nmol/mg dry mass) and mannitol (increase from 5.0 to 155.1 nmol/mg dry mass) exhibited the most dramatic changes. Additionally, fructose, a precursor for both mannitol and sorbitol, increased from 1.3 to 33.4 nmol/mg dry mass. Although the genes involved in mannitol and sorbitol synthesis are poorly defined in insects, we did observe 4.6-fold up-regulation of phosphoenolpyruvate carboxykinase, the rate-limiting step of gluconeogenesis (36). Up-regulation of this gene leads to increased glucose production via gluconeogenesis, with glucose serving as a central precursor for the synthesis of most sugar alcohols. Interestingly, we did not observe accumulation of glucose during dehydration (Fig. S2 ), suggesting glucose is being shunted to other pathways as soon as it is produced. On the whole, there was good agreement between gene expression and metabolomics data. However, some metabolite changes could not be correlated with changes at the transcript level, suggesting posttranscriptional levels of control. Also, in some instances, changes in gene expression may alter rates of metabolic flux that are not captured in these types of metabolomics analyses.
Comparative Genomics of Molecular Response to Dehydration. The transcriptomic response to dehydration has been studied in three other insects, the African sleeping midge P. vanderplanki (15), the mosquito A. gambiae (16), and the cactophilic fruit fly, D. mojavensis (17), as well as two closely related arthropods, the Arctic collembolan M. arctica (18) and the collembolan F. candida (19), thus facilitating cross-species comparisons of dehydration-induced gene expression. We observed several general similarities between our dataset and the transcriptome of P. vanderplanki, which inhabits temporary pools in tropical Africa. Like B. antarctica, dehydration in P. vanderplanki induced expression of a number of heat shock proteins, including multiple members of the hsp70 family. Additionally, dehydration in P. vanderplanki causes up-regulation of genes involved in cell death signaling and ubiquitin-mediated proteasome, patterns that are also quite prevalent in our dataset. However, one conspicuous difference between our dataset and that of P. vanderplanki is the absence of late embryogenesis active (LEA) proteins in the B. antarctica genome, despite B. antarctica and P. vanderplanki being in the same family, Chironomidae. LEA proteins are dehydration-associated proteins found in organisms ranging from bacteria to animals (37), but P. vanderplanki is the only true insect in which LEA genes have been identified. Like B. antarctica, D. mojavensis is adapted to desiccating environments and, albeit warm, desert habitats. As in our dataset, severe dehydration in D. mojavensis elicited significant modulation of numerous metabolic pathways, including downregulation of genes regulating flux through glycolysis and the TCA cycle (17). Thus, it appears down-regulation of metabolism may be a general feature of xeric-adapted insects. In contrast, comparing our expression data with A. gambiae revealed little overlap between our dataset and the mosquito response to desiccation. Nonetheless, similar to our results, Wang et al. (16) observed down-regulation of numerous metabolic genes, particularly genes related to chitin metabolism.
The transcriptomic study of dehydration in M. arctica (18) included two treatments very similar to our desiccation and cryoprotective dehydration treatments, allowing a formal comparison of the two datasets. M. arctica (formerly Onychiurus arcticus) is found on numerous islands in the northern Palearctic (38), and like B. antarctica is extremely dehydration-tolerant and capable of using cryoprotective dehydration as an overwintering strategy (7) . Thus, we investigated whether B. antarctica and M. arctica share common transcriptional responses to desiccation and cryoprotective dehydration, despite their geographic and phylogenetic separation.
Using reciprocal blast, we identified 1,280 putative one-toone orthologs between the B. antarctica gene models and the M. arctica EST library. Of these, we found 12 genes that were upregulated in response to both desiccation and cryoprotective dehydration in both species, and 7 that were down-regulated (Dataset S5). Of note, common up-regulated genes included an hsp40 gene, two genes involved in the ubiquitin-mediated proteasome, and a GTPase involved in membrane trafficking, thus supporting the central roles of these processes during dehydration. Among the seven down-regulated genes in common were four genes involved in carbohydrate hydrolysis and a single peptidase, indicating that down-regulation of metabolic genes may be a common attribute of dehydration. Additionally, there were 37 genes that were either up-or down-regulated in response to desiccation only (Dataset S6), and 2 genes up-regulated only during cryoprotective dehydration. Genes specific to cryoprotective dehydration were a gene involved in unfolded protein binding and an acid-amino acid ligase. Despite the above similarities in dehydration-induced gene expression, the expression profiles of B. antarctica and M. arctica during dehydration were largely different. The Venn diagrams in Fig. 3 A and B indicate that more differentially expressed genes are specific to a particular species than are shared between the two species. Also, hierarchical clustering indicates a high degree of separation in the transcript signatures of B. antarctica and M. arctica (Fig. 3C) . Thus, the transcript signature for a particular group is more dependent on the species than the dehydration treatment it experienced. This result suggests that despite being adapted to similar habitats, B. antarctica and M. arctica have evolved distinct molecular responses to dehydration. General comparisons with a second collembolan transcriptomic dataset, that of F. candida (19), also revealed very little similarity to B. antarctica. In F. candida, desiccation at a constant temperature likewise results in down-regulation of lipid and chitin metabolism genes, but aside from these examples, very few genes showed similar expression patterns. These differences in expression patterns may reflect different strategies for combating dehydration; whereas B. antarctica shuts down metabolic activity and waits for favorable conditions to return, F. candida relies on active water vapor absorption to restore water balance during prolonged periods of desiccation. However, because B. antarctica and collembolans are so phylogenetically distant, similar comparisons with closely related chironomids are needed to better understand the evolutionary physiology of dehydration tolerance in this taxonomic family that is so well known for its extreme tolerance of multiple environmental stresses.
Methods
Larvae of B. antarctica were collected on offshore islands near Palmer Station (64°46′S, 64°04′W) in January 2010 and shipped to The Ohio State University. Before an experiment, fourth-instar larvae were handpicked from substrate in ice water and left at 4°C overnight on moist filter paper to standardize body water content.
For these experiments, larvae were exposed to the following conditions: control (C, held at 100% relative humidity at 4°C), desiccation (D, exposed to 93% relative humidity for 5 d at 4°C), and cryoprotective dehydration (CD, temperature gradually lowered from −0.6 to −3°C over 5 d in the presence of environmental ice and then held at −3°C for 10 d). During cryoprotective dehydration, larvae lose water through the cuticle to the surrounding ice and remain unfrozen by decreasing the hemolymph melting point to match the temperature of the surrounding ice (9) . Both the desiccation and cryoprotective dehydration treatments resulted in ∼40% water loss, with survival near 100%. Immediately after treatment, larvae were frozen at −70°C, where they were held until RNA and metabolite extractions. Each treatment consisted of three biological replicates, with each replicate containing 20 larvae.
Total RNA was extracted from larvae using TRIzol reagent (Life Technologies), and RNA-seq libraries were prepared with the Illumina TruSeq RNA Sample Preparation kit (Illumina) according to the manufacturer's protocol. Libraries were checked for the correct insert size on an Agilent Bioanalyzer 2100 and sequenced on an Illumina Genome Analyzer II. A summary of the raw sequencing data is provided in Table S4 . Reads were mapped to B. antarctica genomic contigs using Bowtie and TopHat (39), and we counted the total number of sequencing reads that aligned to each putative gene model in the draft B. antarctica genome using HTSeq. Genes were annotated using blastx (E-value cutoff of 1E−4) to compare our gene models with annotated protein sequences from Aedes aegypti and Drosophila melanogaster, and GO terms were assigned to each gene model with Blast2GO (40) .
Differentially expressed genes were determined using the R package DESEq. (41). For hierarchical clustering of the phenotypic classes, we obtained variance stabilized data from DESeq, calculated a matrix of distances, and used the R package hclust for clustering. Enriched GO terms were determined using the R package GOsEq. (42), with P values corrected using the Benjamini and Hochberg method (43). We restricted the output to GO terms with ontology "Biological Process" to limit redundancy. Additionally, we tested for enriched KEGG pathways with the R package GSA (44). For GSA, we mapped our gene models to the A. aegypti proteome and tested the entire set of A. aegypti KEGG pathways for enrichment. Expression results were validated by conducting qPCR on a subset of genes (Table S5) .
For comparative analysis with M. arctica, we identified putative orthologs between B. antarctica and M. arctica using reciprocal blast. We restricted gene expression comparisons to the two treatments in ref. 18 that were analogous to our desiccation and cryoprotective dehydration treatments, the treatments named "0.9 salt" and "−2°C," respectively. The M. arctica microarray data were obtained from ArrayExpress (accession no. E-MEXP-2105) and analyzed using the R package limma according to the parameters outlined in ref. 18. To determine overall similarity in gene expression between groups, we conducted hierarchical clustering on the samples, restricting the analysis to orthologous transcripts.
Because a large number of metabolic genes were differentially regulated in our treatments, we also conducted a metabolomics analysis of the same treatment conditions. Metabolomics experiments were conducted as in ref. 21 .
Additional methodological detail is provided in SI Methods. 
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Teets et al. 10 .1073/pnas.1218661109 SI Methods RNA Extraction and Library Preparation. Total RNA was extracted from larvae using TRIzol reagent (Life Technologies) according to the manufacturer's protocol. RNA quantity and purity was assessed on a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), and integrity was measured on an Agilent Bioanalyzer 2100 (Agilent Technologies). To generate RNA sequencing (RNA-seq) libraries, we used the Illumina TruSeq RNA Sample Preparation kit (Illumina) according to the manufacturer's protocol. In short, mRNA was purified from 2 μg total RNA from each sample, fragmented, and converted to double-stranded cDNA. Sequencing barcodes were ligated to the cDNA fragments, and the resulting fragments were amplified using PCR. Libraries were validated on an Agilent Bioanalyzer 2100 to ensure the libraries had the expected fragment size of ∼300 bp.
Sequencing. Libraries were quantified using qPCR and sequenced at the Ohio Agricultural Research and Development Center Molecular and Cellular Imaging Center. Sequencing libraries were multiplexed into groups of three (so that each multiplexed library contained one library from each of the three treatment groups) and sequenced on an Illumina Genome Analyzer II. For each sample, we obtained between 1.2 and 11.7 million 76-bp reads (Table S4 ).
Mapping and Counting Reads. Reads were mapped to Belgica antarctica genomic contigs (in preparation) using Bowtie and TopHat (1), a short read aligner that is capable of predicting exon-exon splice junctions. After mapping, alignment files were processed using SAMtools (2) , and counts were generated with HTSeq, a Python package for high-throughput sequencing analysis. Using HTSeq, we counted the total number of sequencing reads that aligned to each putative gene model in the draft B. antarctica genome. Our draft genome contains ∼13,500 gene models that were derived from a combination of RNA-seq reads, BLAST hits, and ab initio gene prediction software using MAKER (3) . Of these, ∼11,500 had enough reads align to them to allow estimation of differential gene expression. A relatively high percentage (>76% for all samples) of reads aligned to gene models, suggesting a good representation of the transcriptome. Using blastx (E-value cutoff of 1E−4), we compared our gene models with annotated protein sequences from Aedes aegypti and Drosophila melanogaster to determine putative functions, and gene ontology (GO) terms were assigned to each gene model using Blast2GO (4).
RNA-seq Data Analysis. To determine which genes were differentially expressed (DE), we used the R package DESEq. (5) . In short, DESeq normalizes counts so that library size is equivalent for each sample, estimates a variance function, and tests for expression difference between two treatment conditions using a negative binomial distribution. We ran DESeq for each pairwise comparison of treatments (i.e., C vs. D, C vs. CD, and D vs. CD). For clarity, throughout this manuscript, a fold change >1 for comparison X vs. Y indicates higher expression in group Y relative to X, whereas a fold change <1 indicates lower expression in group Y relative to X. For hierarchical clustering of the phenotypic classes, we obtained variance stabilized data from DESeq, calculated a matrix of distances, and used the R package hclust for clustering. After identifying DE genes, enriched GO terms were determined using the R package GOsEq. (6) , which accounts for transcript length bias associated with RNA-seq data. We separately tested for enriched GO terms in genes that were up-and down-regulated to identify which categories of genes were induced and which were repressed by a particular treatment. After enrichment testing, P values were corrected using the Benjamini and Hochberg method (7) to control the false discovery rate. We restricted the output to GO terms with ontology "Biological Process" to limit redundancy. Additionally, we tested for enriched Kyoto encyclopedia of genes and genomes (KEGG) pathways (8) using the R package gene set analysis (GSA) (9) . Unlike traditional overrepresentation analysis, GSA uses the actual expression values for each gene in determining its enrichment score. For GSA, we mapped our gene models to the A. aegypti proteome and tested the entire set of A. aegypti KEGG pathways for enrichment. The input for GSA was a matrix of normalized counts for the B. antarctica gene models that had a significant (E-value < 1E−4) BLAST hit against A. aegypti. In cases where two or more gene models mapped to the same A. aegypti protein, only the best BLAST match was retained.
Comparative Genomics of Dehydration Response. Using microarrays, Clark et al. (10) identified ESTs responsive to desiccation and cryoproective dehydration in the arctic collembolan, M. arctica. We restricted our comparison with the two treatments in ref. 10 that were analgous to our desiccation and cryoprotective dehydration treatments: the treatments named "0.9 salt" and "−2°C," respectively. For simplicity, these treatments will also be referred to as desiccation and cryoprotective dehydration.
Putative orthologs between B. antarctica and M. arctica were determined by conducting reciprocal blast (algorithm tblastx) of our gene models against the M. arctica ESTs found on the microarray. The M. arctica microarray data were obtained from ArrayExpress (accession no. E-MEXP-2105) and analyzed using the R package limma according to the parameters outlined in ref. 10 . Finally, using the R package VennDiagram, we calculated the degree of overlap between orthologous up-and downregulated genes among the four species/treatment combinations. Additionally, to determine the overall similarity in gene expression between groups, we conducted hierarchical clustering on the samples, restricting the analysis to orthologous transcripts. Hierarchical clustering was conducted on the log fold change values for each transcript from each individual sample using JMP 9 (SAS Institute). For our dataset, we calculated the log fold change of each transcript relative to the mean expression value of the control group. For the M. arctica data, log fold changes for each EST were obtained from the limma pipeline following between-array normalization.
qPCR Validation. To validate results from the RNA-seq analysis, we conducted qPCR on a subset of 13 genes. We selected genes from several functional categories of interest (i.e., heat shock proteins, detoxification enzymes, regulators of cell death, and structural components of the cuticle and cystoskeleton), including a mix of genes that were up-and down-regulated by our treatments. Primers were designed using IDT's primer design software (www. idtdna.com) with the following parameters: length of 24 nt, melting temperature of 60°C, and product size of 100-180 bp. Primers were tested using conventional PCR and gel electrophoresis for a product of the correct size, and standard curves were conducted on a 10-fold dilution series of PCR products. The primer sequences and standard curves are presented in Table S5 .
cDNA for qPCR was generated from aliquots of the same RNA samples used for RNA-seq, thus allowing a direct correlation between RNA-seq and qPCR results. Total RNA was further purified using the Ambion RiboPure kit (Life Technologies), and cDNA was generated with the Invitrogen SuperScript VILO cDNA Synthesis Kit. The resulting cDNA samples were diluted 10× before analysis and stored at −20°C. Each qPCR reaction consisted of 2 μL cDNA, 2 μL of each primer at 250 nM concentration, 4 μL water, and 10 μL 2× iQ SYBR Green Supermix (Bio-Rad). Reactions were carried out on a Bio-Rad iCycler iQ Real-Time PCR Detection System, with the following temperature protocol: 94°C for 3 min, followed by 40 cycles of 94°C for 10 s, 58°C for 30 s, and 72°C for 30 s. After each run, a meltcurve was generated to verify that only one product was present in the reaction. Baseline correction, amplitude normalization, and threshold cycle (Ct) calculations were conducted according to Larionov et al. (11) with a custom MatLab script. Relative gene expression was calculated using the 2 −ΔCt method, with rpl19 serving as the reference gene. To convert to fold change, the mean 2 −ΔCt value for each treatment group was divided by the mean value for the control.
Metabolomics. Because a large number of metabolic genes were differentially regulated in our treatments, we also conducted a metabolomics analysis of the same treatment conditions. Groups of 15 larvae were homogenized in 600 μL of 2:1 methanolchloroform, 400 μL water was added for phase separation, and 180 μL of the upper aqueous phase was vacuum dried. The extract was resuspended in 30 μL of 20 mg/mL methoxyaminehydrochloride in pyridine and heated for 60 min at 40°C while shaking. Subsequently, 30 μL of N-Methyl-N-(trimethylsilyl) trifluoroacetamide was added, and the sample was heated for an additional 60 min at 40°C. All derivatization steps were conducted with a CTC CombiPal autosampler (Gerstel) to ensure uniformity of samples.
After derivatization, samples were run on a Trace GC Ultra chromatograph coupled to a Trace DSQII quadrupole mass spectrometer (Thermo Fischer Scientific). Oven conditions were as follows: from 70 to 170°C at 5°C/min, from 170 to 280°C at 7°C/min, from 280 to 320°C at 15°C/min, and then the oven remained for 4 min at 320°C. Spectra were screened for 60 pure reference compounds in a custom database, and quantification was accomplished by comparing samples to a 10-point standard curve of pure analyte. Data were analyzed by conducting an ANOVA followed by a pooled-t test for each compound in JMP 9. P values were corrected using the Benjamini-Hochberg method (7) . . Results of qPCR validation experiment. In A and B, the fold changes obtained by both RNA-seq and qPCR are graphed together for the C vs. D (A) and C vs. CD (B) comparisons. In C, individual log fold changes obtained by RNA-seq and qPCR for each gene in each sample are plotted with the best-fit regression line. Log fold changes for each sample were determined relative to the mean of the control group and were normalized to a reference gene, rpl19. C, control; D, desiccation; CD, cryoprotective dehydration; l(2)efl, lethal-2 essential for life; hsp40, 40-kDa heat shock protein; hsp70, 70 kDa heat shock protein; cyp450a and cyp450b, two different cytochrome P450 genes; tep3, thiolester containing protein III; mlck, myosin light chain kinase. . Changes in metabolite content in response to desiccation and cryoprotective dehydration. Bars represent mean ± SE of the fold change of each metabolite relative to control. Different letters represent significant differences between groups (ANOVA, pooled t test, false discovery rate < 0.05).
"C" Cluster "D" Cluster "CD" Cluster Total reads includes the raw number of unprocessed reads obtained from Illumina sequencing, whereas number of high-quality reads refers to the reads that remained after read trimming and filtering during the mapping step. The last row shows the percentage of high-quality reads that unambiguously mapped to a B. antarctica gene model.
